Tool use depends on processes represented in distinct regions of left parietal cortex. We studied the role of visual experience in shaping neural specificity for tools in parietal cortex by using functional magnetic resonance imaging with sighted, late-blind, and congenitally blind participants. Using a region-of-interest approach in which tool-specific areas of parietal cortex were identified in sighted participants viewing pictures, we found that specificity in blood-oxygen-level-dependent responses for tools in the left inferior parietal lobule and the left anterior intraparietal sulcus is independent of visual experience. These findings indicate that motor-and somatosensory-based processes are sufficient to drive specificity for representations of tools in regions of parietal cortex. More generally, some aspects of the organization of the dorsal object-processing stream develop independently of the visual information that forms the major sensory input to that pathway in sighted individuals.
Complex tool use requires the integration of diverse types of information. Consider the simple act of picking up a fork and eating. Such an action requires visually recognizing the fork as the target of the action, transporting and shaping the hand according to the spatial position and volumetric properties of the fork, and then retrieving and implementing complex action knowledge about how to manipulate the fork according to its function. Evidence from functional imaging and neuropsychology indicates that the neural systems supporting tool use are principally localized within left parietal and frontal cortices. Within parietal cortex, an important distinction has been made between regions in posterior parietal cortex along the intraparietal sulcus that parse visual information for the purposes of object-directed reaching and grasping (e.g., Binkofski et al., 1998; Culham et al., 2003; Frey, Vinton, Norlund, & Grafton, 2005; Goodale & Milner, 1992; Pisella, Binkofski, Lasek, Toni, & Rossetti, 2006; Rizzolatti & Matelli, 2003; Ungerleider & Mishkin, 1982) and the left inferior parietal lobule, which is critical for processing the complex actions required for tool use (e.g., Boronat et al., 2005; Canessa et al., 2008; Goldenberg, 2009; Heilman, Rothi, & Valenstein, 1982; Hermsdörfer, Terlinden, Mühlau, Goldenberg, & Wohlschläger, 2007; Johnson-Frey, 2004; Kellenbach, Brett, & Patterson, 2003; Rumiati et al., 2004) .
To date, research using functional imaging to study object representations within dorsal-stream structures has been based on sighted individuals and has generally used experimental paradigms involving visually presented objects (e.g., Chao & Martin, 2000; Johnson-Frey, Newman-Norlund, & Grafton, 2005; Mahon et al., 2007; Rumiati et al., 2004 ; but see Noppeney, Price, Penny, & Friston, 2006 , for work with auditory words in sighted participants). A common finding is that viewing manipulable objects, such as tools and utensils, compared with viewing large, nonmanipulable nonliving things, animals, or faces leads to differential blood-oxygen-level-dependent (BOLD) responses in regions of left parietal cortex (for a review, see Martin, 2007 ). An important issue that is not addressed by those studies is whether the observed neural specificity for manipulable objects in regions of parietal cortex requires visual experience with those objects.
On the basis of the available functional imaging and neuropsychological research, it can be hypothesized that specialization for manipulable objects in regions of parietal cortex is driven, in part, by interactions between those regions and motor-and somatosensory-based processes in neighboring brain areas. A previous study on hand movements in congenitally blind and sighted participants (Fiehler, Burke, Bien, Röder, & Rösler, 2008) found increased bilateral BOLD responses in primary somatosensory cortex independent of the visual experience of participants (see also Lingnau, Gesierich, & Caramazza, 2009 , for data from sighted participants). Those data indicate that the neural systems supporting kinesthetic feedback during manual movements do not require visual experience in order to develop. Furthermore, the anterior intraparietal sulcus, the terminal projection of the dorsal visual pathway, has strong reciprocal connections with frontal motor areas (for reviews, see Geyer, Matelli, Luppino, & Zilles, 2000; Rizzolatti & Craighero, 2004) . It is also known that damage to the left inferior parietal lobule can result in an impairment for manipulating tools, without necessarily impairing (visually based) object-directed grasping and reaching (for a review, see Johnson-Frey, 2004) .
Thus, we hypothesized that processes in the left inferior parietal lobule that support complex object-associated actions would be relatively independent of the visual experience of participants. We tested this hypothesis using functional magnetic resonance imaging (fMRI) to study BOLD responses to tools, animals, and nonmanipulable objects in sighted, lateblind, and congenitally blind participants while they were performing a size-judgment task on auditorily presented words. In order to independently localize "tool-preferring" regions of the left parietal lobule using the standard picture-viewing approach, we also ran a picture-viewing localizer with sighted participants.
Method
Informed consent was obtained in writing (from sighted participants) and verbally (from blind participants) under approved University of Trento and Harvard University protocols for the use of human participants in research.
Auditory size-judgment task
Participants performed an auditory size-judgment task in the MRI scanner. The items for this task came from three semantic categories: tools (n = 24; e.g., saw, corkscrew, scissors, fork), animals (n = 24; e.g., butterfly, horse, cat, turtle), and nonmanipulable objects (n = 24; e.g., bed, table, truck, fence; see Mahon et al., 2007 , for a detailed discussion of the classification of items by semantic category). Every trial of the experiment consisted of a miniblock in which 6 spoken words, all from the same category, were presented. The duration of each miniblock was 20 s. The order of the 6 items within a miniblock, the assignment of the 6 items (out of the pool of 24 items) to each miniblock, and the order of miniblocks was random, with the restriction that there were never two consecutive miniblocks of the same semantic category (stimulus type).
Within every functional run, all stimuli were presented once, for a total of four miniblocks per semantic category (and 12 miniblocks in total). Each run lasted approximately 10 min, and constituted a replication of the full experimental design.
Sighted participants (S1-S7) each completed three functional runs, whereas late-blind participants (LB1-LB3) each completed four runs. Congenitally blind participants completed either four runs (CB1) or five runs (CB2-CB3).
Participants' task was to compare the size of the second through sixth items in each miniblock with the size of the first. If all six objects (referred to by the words) had more or less the same size, participants responded by pushing a button with the index finger of the right hand. If at least one of the objects was different in size from the first, participants responded with the index finger of the left hand. At jittered intervals after the offset of the last of the six words, participants were presented with an auditory response cue (a tone lasting 200 ms; jittering was conducted in 0.5-s steps from 2 to 8 s and was distributed with hyperbolic density). Participants were instructed to make their response as soon as they heard the auditory response cue, but not before. The next trial began 20 s after the onset of the auditory response cue (i.e., there was no auditory stimulation for 20 s).
The auditory size-judgment task ensured that participants attended to the stimuli and was designed so that both sighted and blind participants could complete it. Because the task is based on a relative judgment, and because assignment of items to miniblocks was random (and thus different for every run, both within and across participants), there was no objective level for "correct" performance. The three groups of participants judged similar percentages of miniblocks to be composed of items that were roughly the same size: Sighted participants judged 25.2%, congenitally blind participants judged 26.5%, and late-blind participants judged 17.4% of trials as meeting this criterion.
Category-localizer experiment
After completing the auditory size-judgment task, the 7 sighted participants completed a standard category-localizer task in which they viewed pictures corresponding to the spoken word cues used in the auditory size-judgment task. Thirteen participants who did not participate in the auditory size-judgment task also completed the category-localizer experiment (see Methods in the Supplemental Material available online for details of the design of the localizer task).
Imaging and analysis
Magnetic resonance data were collected at the Center for Mind/Brain Sciences, University of Trento, on a Bruker BioSpin MedSpec 4-T scanner (Bruker BioSpin GmbH, Rheinstetten, Germany), using standard imaging procedures, and were analyzed using BrainVoyager Version 1.9 (Goebel, Esposito, & Formisano, 2006) . After we excluded the first two volumes of each run, preprocessing consisted (in the following order) of slice-time correction, motion correction, and linear-trend removal in the temporal domain (cutoff: three cycles within the run). Functional and anatomical data were normalized to Talairach space (Talairach & Tournoux, 1988) , and functional data were spatially smoothed with a 4.5-mm full-width at half-maximum filter (for full details of the scanning parameters and analysis procedures, see Methods in the Supplemental Material; see also Mahon, Anzellotti, Schwarzbach, Zampini, & Caramazza, 2009 ).
We used a random-effects analysis to analyze the data from the group of 20 participants who viewed pictures. The analyses of the remaining data sets were fixed-effects analyses with separate study (i.e., run) predictors. This approach allowed us to define regions of interest (ROIs) using population-level statistics (random effects) and then test within those ROIs using data from the participants who completed the auditory size-judgment task. This analysis approach does not permit generalization of the data from the blind participants to the population of blind individuals, but rather supports inferences about whether visual experience is necessary in order for the effects to be present. We report results of analyses of individual participants' data in Figures S1 and S2 in the Supplemental Material.
The principal statistical contrast of interest consisted of contrasting tool stimuli against animal stimuli and nonmanipulableobject stimuli (with animal and nonmanipulable-object stimuli collapsed together, and tools and nontools weighted equally). This contrast was carried out separately for each data set (sighted participants viewing pictures, sighted participants performing auditory size judgments, late-blind participants performing auditory size judgments, and congenitally blind participants performing auditory size judgments). In order to test the experimental hypothesis and to avoid issues of nonindependence in the definition of ROIs (for a discussion of this issue, see Kriegeskorte, Simmons, Bellgowan, & Baker, 2009) , we defined three ROIs in parietal cortex on the basis of data from sighted participants viewing pictures (using a threshold of p < .05, corrected for false discovery rate for the entire brain volume; Genovese, Lazar, & Nichols, 2002) . We then tested BOLD responses within those ROIs for the auditory size-judgment task, separately for each participant group. For the overlap analysis, we computed the statistical contrast maps of tool stimuli versus the other stimuli within each data set separately. For the data sets from the auditory size-judgment task, we used a threshold of p < .005 (corrected for false discovery rate for the entire brain volume).
Results
Three regions within the left parietal lobule showed differential BOLD responses for tool stimuli compared with the other object types in sighted participants viewing pictures (see Fig. 1 ), replicating previous studies. The first region, in the left inferior parietal lobule, is critical for processing complex object-associated actions (e.g., Heilman et al., 1982; JohnsonFrey, 2004; Mahon et al., 2007; Rumiati et al., 2004) . The second region, in the left anterior intraparietal sulcus, is important for calculating the volumetric properties of objects relevant to shaping the hand during object grasping (e.g., Binkofski et al., 1998; Frey et al., 2005) . The third region, in a more posterior and superior region of parietal cortex than the previous two regions, is important for calculating visuomotor information relevant for transporting the hand to the correct spatial location of an object (e.g., Culham et al., 2003; Goodale & Milner, 1992; Ungerleider & Mishkin, 1982) . The locations (Talairach & Tournoux, 1988) and strength of the effects for the peak voxels within the three ROIs were as follows: left inferior parietal cortex (-51, −37, 34), t = 7.01, p < 10 −5 ; left anterior intraparietal sulcus (-39, −49, 43), t = 7.07, p < 10 −5 ; and left posterior superior parietal cortex (-24, −61, 55), t = 7.32, p < 10 −5 . As in previous studies, all three regions showed larger BOLD responses when sighted participants viewed pictures of tools than when they viewed pictures of the other stimuli, despite the fact that participants were not instructed to perform any overt or covert object-directed actions. These three regions in normalized space served as ROIs for analyses of the data from the sighted, late-blind, and congenitally blind participants who performed the auditory size-judgment task.
We tested the hypothesis that visual experience is not necessary for differential BOLD responses for tool stimuli in those ROIs. As illustrated in Figure 2 , sighted and blind participants performing the auditory size-judgment task showed the same pattern of differential BOLD responses for tool stimuli compared with the other object types in the left inferior parietal lobule and the left anterior intraparietal sulcus. The pattern of differential BOLD responses for tool stimuli in those regions was observed in both late-blind and congenitally blind participants. In the posterior superior parietal ROI in congenitally blind participants, BOLD responses did not differ between tool stimuli and nonmanipulable objects, whereas both of these object types evoked larger BOLD responses than did animal stimuli (see Table 1 for t values and Fig. 2 for normalized BOLD responses by condition).
As described in the Method section, fixed-effects analyses were used to analyze the data sets from the auditory size-judgment task. We chose this analysis approach because the sample sizes of the groups of participants performing the auditory size-judgment task were smaller than what would be required for random-effects analysis. One analytical concern that attends the use of fixed-effects analyses, however, is that they may yield significant effects at the group level despite substantial heterogeneity in effects for individual participants. To address this concern, we conducted a series of individual-participant ROI analyses, using the same ROIs as for the group-level analyses. These analyses (shown in Fig. S1 in the Supplemental Material) demonstrated that the pattern of group-level fixed effects in congenitally and late-blind participants was present at the individual-participant level.
Somewhat surprisingly, the individual-participant ROI analyses of auditory size judgments revealed substantial variability among sighted participants in whether or not they showed differential BOLD responses for tool stimuli. These differences in results between the fixed-effects and individual-participant analyses for the sighted participants highlight the potential frailty of fixed-effects analyses, and, in particular, their susceptibility to being carried by a few participants. However, the discrepancy between the findings for sighted participants in these two analyses does not undermine the conclusion that visual experience is not necessary for tool specificity to emerge. That conclusion is based on the results (ROIs) within left parietal cortex. These ROIs were defined by contrasting tool stimuli against the other stimulus types (threshold of p < .05, corrected for false discovery rate for the whole brain volume). The bar graphs show BOLD estimates for the three stimulus types in each of these regions for the same data set; statistical tests were not performed over the data in these graphs, as those data are not independent of the ROI selection. Error bars reflect the standard errors of the mean. The locations and statistics for the effects are provided in the Results section. Talairach coordinates for the respective dimensions are shown adjacent to (bottom right of) the anatomical images. BOLD responses are plotted as normalized values (z scores).
observed for congenitally blind and late-blind participants, which were not different at the group and individual-participant levels (Figs. 2 and S1 ). Furthermore, the ROIs themselves were initially defined on the basis of sighted participants viewing pictures, so there is no question about whether these ROIs show the theoretically predicted patterns of neural specificity. An issue for future research is whether the use of auditory stimulation in sighted participants, relative to using visual 
Congenitally blind participants
Left inferior parietal lobule 4.6**** 6.5**** 6.0**** 3.3*** 5.0**** 3.4*** Left anterior intraparietal sulcus 2.7** 5.7**** 4.1*** 3.9*** 5.6**** 2.0* Left posterior superior parietal lobule 3.6*** 4.1*** 2.0* 5.8**** 2.2* -0.5
Note: The region-of-interest analyses contrasted blood-oxygen-level-dependent responses for tool stimuli versus the other stimuli (animals and nonmanipulable objects) for each participant group and region of interest. Degrees of freedom on the t statistics were as follows: sighted participants: 4,907; late-blind participants: 2,808; congenitally blind participants: 3,261. *p ≤ .05. **p < .01. ***p < .001. ****p < .00001.
stimuli, leads to increased intersubject heterogeneity in the strength and locations of preferences for tool stimuli in parietal cortices. Finally, in order to have a broader view of regions of parietal cortex that show differential BOLD responses for tool stimuli in the three groups of participants, we created a series of overlap maps. Specifically, we overlaid the statistical contrast map (tool stimuli > other object types) for the sighted participants viewing pictures with the corresponding maps for the three groups of participants performing auditory size judgments (see Fig. 3 Fig. 3 . Overlap analysis of statistical contrast maps. Statistical contrast maps for all groups of participants were defined by contrasting responses to tool stimuli against responses to the other stimulus types, for each data set separately. The statistical contrast maps for sighted participants viewing pictures (see also Fig. 1 ) were then overlaid with those for (a) sighted, (b) late-blind, and (c) congenitally blind participants performing auditory size judgments. The color overlays indicate all voxels that were at or above the statistical threshold for each group of participants (sighted participants viewing pictures: p < .05, corrected for false discovery rate for the whole brain volume; all other data sets: p < .005, corrected for false discovery rate for the whole brain volume). L = left; R = right.
observed in the left inferior parietal lobule and the left anterior intraparietal sulcus, and there was less overlap in posterior superior parietal cortex (see Fig. S2 in the Supplemental Material for individual participants' contrast maps). This analysis showed that the activation clusters for the effect of interest (i.e., tool specificity) were relatively restricted to the expected regions when contrasts were defined within each data set and there were no ROI restrictions.
Discussion
A large body of research across functional imaging and neuropsychology indicates that different regions of parietal cortex are required for different aspects of complex tool use. In sighted participants, those regions show differential BOLD responses during passive viewing of tool stimuli compared with a range of other object types. We replicated that basic finding, in that regions in the inferior parietal lobule, the anterior intraparietal sulcus, and the posterior superior parietal lobule all showed differential BOLD responses for tool stimuli compared with nontool stimuli. When those ROIs, as defined over sighted participants viewing pictures, were tested in sighted, late-blind, and congenitally blind participants performing an auditory size-judgment task, the same pattern of differential BOLD responses for tool stimuli was observed. These data indicate that the motor and somatosensory demands of complex object use are sufficient to drive neural specificity for tools (compared with animals and nonmanipulable objects) within the left inferior parietal lobule and the left anterior intraparietal sulcus. The lack of a dissociation between tool stimuli and nonmanipulable objects in the posterior superior parietal ROI in congenitally blind participants may derive from the fact that congenitally blind individuals do reach for and touch large nonmanipulable objects (e.g., tables, cars), and the possibility that plasticity within the congenitally blind brain remaps nonvisual inputs to that region of parietal cortex. However, further empirical work is required in order to fully understand the effect of visual deprivation on BOLD responses in posterior superior parietal cortex. The central issue that is framed by these findings is how plasticity of function within the brains of blind humans remaps the available sensory inputs (e.g., audition, touch) so that they may guide action in the absence of vision. There is likely to be massive reorganization of the way in which the dorsal objectprocessing stream extracts action-relevant information about objects in the absence of vision. That is because the sensory modality of touch, unlike vision, is not a sense-at-a-distance, and audition, unlike vision and touch, does not convey volumetric information about objects. An important issue for further research concerns the nature of sensory inputs to the dorsal object-processing route in individuals who have not had visual experience and how the brain is able to negotiate the constraints imposed by motor and somatosensory experience in the absence of visual stimulation. An understanding of these issues will contribute to a broader theory about the principles that determine the organization and representation of object knowledge in the brain.
